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Abstract
Seasonal variations in terms of light length per day significantly influence physiological, behavioral, and metabolic pro-
cesses in mammals, which are crucial for adaptation to environmental changes. This study examines the sex-dependent 
responses to different photoperiods on diet-induced obese Fischer 344 (F344) rats, focusing on body weight, daily activity, 
metabolism, and hormone levels. Male and female F344 rats were fed a cafeteria diet for 11 weeks and exposed to short 
(L6, 6  h of light per day) and long (L18, 18  h of light per day) photoperiods to mimic winter and summer conditions 
during the last 8 weeks.

Results indicated that male rats exhibited greater body weight gain compared to females under both photoperiods, 
with a more pronounced increase in the long photoperiod correlating with testosterone levels. In addition, females dis-
played different activity distributions than male rats in L6 conditions. Male and female rats had a similar lipid profile in 
both photoperiods, but females presented a better lipid profile and insulin sensitivity, correlating with increased levels of 
melatonin. There is a sex-dependent effect on glucose levels only in short photoperiod with reduced levels in female rats. 
In conclusion, there is an interaction between seasonal rhythms and sex, which results in varying susceptibilities to diet-
induced obesity. This research underscores the importance of considering sex differences in obesity studies and metabolic 
responses to different light conditions.
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HPG	� Hypothalamic-pituitary-gonadal axis
HTP	� Hypothalamus-pituitary-thyroid axis
IBAT	� Interscapular brown adipose tissue
L12	� Standard photoperiod, 12 h of light per day
L18	� Long photoperiod, 18 h of light per day
L6	� Dhort photoperiod, 6 h of light per day
LC	� QqQ-Ms/Ms-Liquid chromatography with 

triple quadrupole tandem mass spectrometry
LDL	� C-Low-density lipoprotein cholesterol
LH	� Luteinizing hormone
MetS	� Metabolic syndrome
NEFA	 �Non-esterified fatty acids
Q1	� First quartile
Q3	� Third quartile
SPE	� Solid phase extraction
STD diet	� Standard diet
T3	� Triiodothyronine
T4	� Tetraiodothyronine
TAG	� Triglycerides
TC	� Total cholesterol
VHP	� Visceral hypertriglyceridemic phenotype

Introduction

In mammals, seasonal changes in metabolism, reproduction 
and behavior are processes that require long-term changes, 
thus animals can anticipate and adapt in advance to those 
changes in their environment [1]. These adaptive mecha-
nisms are crucial for survival and reproductive success in 
environments with predictable annual variations in climate, 
food availability, and other resources [2]. Those seasonal 
changes, also known as seasonal rhythms, are 12-month 
duration cyclical biological processes that regulate various 
physiological functions [1, 3]. These rhythms are controlled 
by complex interactions between environmental cues, 
mainly light, endogenous circannual clocks, and neuroen-
docrine pathways [4].

The seasonal regulation of body weight and metabo-
lism involves neuroendocrine mechanisms, particularly the 
hypothalamus-pituitary-thyroid (HTP) axis [5]. In fact, hor-
mones such as melatonin or corticosterone are strongly reg-
ulated by changes in day length [6]. Melatonin, released in 
the dark phase, is considered an internal neurochemical rep-
resentation of photoperiods (daylight lengths) and the main 
reason for the photoperiodic response [4]. Melatonin influ-
ences photoperiodic processes by its action on pars tuberalis 
of the pituitary gland, which regulates thyroid-stimulating 
hormone (TSH). This hormone controls the activation of 
thyroid hormone in hypothalamus by controlling deiodinase 
enzymes type 2 and 3 (Dio2, Dio3), that are able to activate 
or inactivate thyroid hormone, respectively [4, 5, 7].

Photoperiodic changes significantly influence the physio-
logical responses, behavior and gene expression in rodents, 
particularly regarding weight and metabolic regulation [7, 
8]. It is well described that in rats, long photoperiods (more 
than 12 h of light per day) exert a stimulatory response in 
terms of body weight gain and food intake, while in short 
photoperiods (less than 10  h of light per day) an inhibi-
tory effect can be seen, also in terms of hypothalamic gene 
expression [7]. Interestingly, studies in humans have shown 
that seasonal variations in day length can affect mood, appe-
tite, and energy expenditure, which may contribute to sea-
sonal patterns in weight gain and metabolic health [9].

Obesity is a risk factor for many metabolic diseases, such 
as hypertension, type 2 diabetes, cardiovascular diseases, or 
dyslipidemia, which can lead to the development of meta-
bolic syndrome (MetS) [10–12]. Obesity is high prevalent 
nowadays and it is considered a seasonal rhythm disruptor 
by altering metabolic processes such as lipid metabolism or 
hormone production [13]. Photoperiod-induced metabolic 
changes show significant variations in obesity models. In 
rodents, short photoperiods typically lead to decreased food 
intake and increased energy expenditure, reflecting a cata-
bolic state. In contrast, long photoperiods are linked to an 
anabolic profile, characterized by higher food intake, lower 
energy expenditure, and increased adiposity [14]. These 
photoperiodic effects are often exaggerated or disrupted in 
obese models, further complicating metabolic adaptations. 
The altered seasonal signaling observed in obese animals is 
associated with changes in hormone profiles, including mel-
atonin and leptin, as well as shifts in inflammatory markers 
[14, 15].

Several studies have shown that rats fed with high fat 
diets gain weight and induces a status of dyslipidemia and 
creates insulin resistance by altering glucose metabolism 
[13, 16]. It has been reported that changes induced by a 
high-fat diet can affect corticosterone levels [17], energy 
expenditure, and expression levels of orexigenic genes [13]. 
In this sense, cafeteria (CAF) diet has been proven to be a 
good model to study all those changes in rodents, as it can 
develop MetS in rats very similar to human, allowing the 
results to be properly extrapolated [18].

Sex differences in obesity among rats have been exten-
sively studied, revealing notable distinctions in how each 
sex responds to obesogenic diets and develops metabolic 
disturbances. Specifically, it has been shown that the food 
intake and the body weight gain is different between sexes, 
accumulating males more visceral fat when fed with high-
fat diets than females, despite the adiposity index is lower 
[19]. Other studies point out the sex-differences in meta-
bolic disturbances, such as females having better insulin 
sensitivity, suggesting a hormone protective mechanism 
and highlighting the role of estrogen [20]. Recent studies 
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have demonstrated that male and female rats exhibit dis-
tinct patterns of gene expression in adipose tissue and liver 
in response to high-fat diets, which may contribute to the 
observed sexual dimorphism in obesity development [21]. 
Furthermore, sex-specific differences have been observed in 
the hypothalamic regulation of energy balance and in the 
response to various obesity interventions [22]. For instance, 
female rats have shown greater resistance to diet-induced 
obesity and better maintenance of glucose homeostasis 
compared to males [23]. Additionally, the impact of obe-
sity on cardiovascular function and inflammation has been 
found to be sex-dependent, with males often showing more 
severe consequences [24]. These differences underscore 
the critical importance of studying the effect of sexes in 
obesity research to fully understand the complex interplay 
between sex, hormones and metabolism. Several studies 
have investigated the changes occurring in healthy animals 
under different photoperiods, as well as in models of obe-
sity. However, to our knowledge, the interaction between 
sex and photoperiod has not been investigated.

Taking all together, we hypothesize that the suscepti-
bility to diet-induced obesity is modulated by an interac-
tion between photoperiod and sex, with males and females 
exhibiting different responses to varying daylight lengths 
that influence metabolic and physiological factors. Hence, 
this study aims to evaluate the sex-dependent effects upon 
exposure to long and short photoperiods in diet-induced 
obese photoperiod-sensitive Fischer 344 (F344) rats, focus-
ing on changes in body weight, daily activity, metabolism 
and hormone levels. For this purpose, male and female F344 
rats were chronically fed a CAF diet and exposed to a short 
photoperiod (L6, 6 h of light per day) and a long photope-
riod (L18, 18 h of light per day) to mimic the day length of 
winter and summer seasons, respectively.

Materials and methods

Experimental procedure in rats

A total of 40 male and female (n = 20) F344 rats (12-week-
old) were purchased from Charles Rivers Laboratories 
(Barcelona, Spain) and housed by pairs at 22ºC and 50% 
humidity under standard conditions of light and darkness 
(L12, 12 h light/day), on reverse light cycle (lights off at 8 
a.m.). The sample size of each group has been calculated 
to detect differences in mean fasting blood glucose levels. 
A power analysis was performed based on an alpha signifi-
cance level of 0.05 and a beta of 0.2 to achieve 80% power 
to detect a 20–30 mg/dL difference in mean fasting blood 
glucose levels [25]. Thus, a sample size of 10 animals per 
group will be sufficient to detect clinical differences.

The animals were fed daily with CAF diet and tap water 
ad libitum during the experiment. The CAF diet calorie 
breakdown was 14% of proteins; 35% of fat and 51% of 
carbohydrates and consisted of bacon, ensaïmada (pastry), 
biscuits with cheese and pâté, carrots, standard chow, and 
milk with 22% sucrose (w/v). Diet was newly introduced to 
the animals one hour after the light turned off. After 3 weeks 
of diet adaptation, 10 animals per sex were exposed to L6 
photoperiod and 10 animals per sex to L18 photoperiod for 
8 weeks (Fig.  1). No standard photoperiod L12 was used 
because it is well reported that photoperiods with more than 
10 h of light per day exert a stimulatory response in terms 
of body weight gain and food intake [7]. Animal weight and 
food intake were weekly recorded during the whole experi-
ment. For food intake recording, the weight of each dietary 
component was measured before and after a period of 24 h. 
Food intake was estimated by assuming equal consumption 
among the two rats within each cage, and the total intake 

Fig. 1  Animal experimental design. 20 male and 20 female F344 rats were fed with CAF diet for 11 weeks and exposed to a short photoperiod 
of 6/18 h light/darkness (L6) and long photoperiod of 18/6 h light/darkness (L18) for the last 8 weeks (n = 10). Activity was measured at week 7
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as AI = log [TAG/HDL-C], as described by Caroline de 
Oliveira Melo et al. [26].

Leptin and insulin levels were quantified using enzyme-
linked immunosorbent assays (ELISA) kits for rat and 
mouse (EMD Millipore Corporation, St. Louis, Missouri). 
The homeostatic model assessment for insulin resistance 
(HOMA-IR) index was calculated as fasting insulin levels 
(IU/mL) x fasting glucose levels (mg/dL)/405. The visceral 
hypertriglyceridemic phenotype (VHP) was calculated to 
evaluate another marker of insulin resistance, which is asso-
ciated with nutritional imbalances [26]. VHP was calculated 
as: VHP = [ln (TAG x glucose)/2] x visceral fat.

Circulating hormones

Circulating hormones melatonin, corticosterone, testos-
terone, triiodothyronine (T3), and tetraiodothyronine (T4) 
were analyzed using liquid chromatography with triple 
quadrupole tandem mass spectrometry (LC-QqQ-Ms/Ms). 
For this, 50 µL of plasma was extracted with 250 µL of etha-
nol containing the internal standard (2 ng/ml). After centrif-
ugation during 5 min 4 ◦C and 252× g, the supernatant was 
transferred to a new tube and mixed with 700 µL of 0.1% 
formic acid in water and the sample was loaded to a solid-
phase extraction (SPE) system conditioned with methanol 
and 0.1% formic acid in water. The cartridge was washed 
with 0.1% formic acid in water and, after dry under high 
vacuum, the compounds were eluted with 500 µL of metha-
nol and samples were evaporated in a Speed Vacuum at 45 
◦C and reconstituted with 50 µL of water: methanol (60:40, 
v/v). After the extraction, samples were analyzed using a 
Zorbax Eclipse C18 column (150 × 2.1 mm) from Agilent 
Technologies.

Statistical analysis

Results are presented as median (quartile 1 (Q1)– quartile 
3 (Q3)) or box plots with whiskers showing minimum to 
maximum values, median and interquartile range. Statisti-
cal analysis was performed using GraphPad Prism software 
(V9; Dotmatics). Sample size lower than 15 was taken 
as non-parametric samples. In comparisons between > 2 
groups, two-way analysis of variance (ANOVA) followed 
by Tukey HSD multiple comparisons test were performed. 
Two-sided p-values of < 0.05 were considered statistically 
significant, and p-values between 0,1 and 0,05 were consid-
ered as a tendency. Correlation analysis between different 
hormone levels and other parameters were also carried out 
using GraphPad Prism software (V9, Dotmatics).

of Kcal was calculated based in the nutritional information 
provided by the correspondent manufacturer. Animal activ-
ity was measure during a 24 h period to analyze their daily 
circadian cycle of activity, including the active and phase 
rest, at week 7 of the experiment, once rats were totally 
adapted to their photoperiods. The last day of the experi-
ment, food was removed when the lights turned off, and 3 h 
later, at 11 a.m., animals were sacrificed by decapitation. 
Blood was collected immediately in heparinized tubes, and 
centrifuge at 1200x g for 15 min to collect the plasma, and 
different organs and tissues were dissected and weighted.

Adiposity index was calculated by dividing the sum of 
the weights of white adipose tissues by the final body weight 
as a percentage. Fat mass was calculated as the sum of white 
adipose tissues (epidydimal or periovarian, mesenteric and 
inguinal), perirenal and subcutaneous adipose tissues. Lean 
mass tissue was calculated as the difference between body 
weight and adipose tissues. Energy efficiency coefficient 
(EEC) was calculated to consider the caloric intake influ-
ences on the weight gain, where EEC = total body weight 
gain / total energy intake, as described by Caroline de Oli-
veria Melo et al. [26].

Animal experiments were conducted in accordance with 
the European Communities Council Directive (86/609/
EEC) and approved by the Animal Ethics Review Commit-
tee for Animal Experimentation of the Universitat Rovira 
i Virgili and Generalitat de Catalunya (permission number 
11610, approved in 2022).

Animal activity

Animal activity was measured using an Oxylet Pro System 
(Panlab, Barcelona, Spain) and the Metabolism 2.1.02 (Pan-
lab, Cornellà, Spain) software program. The activity of the 
rats was recorded with sensors that detected when rat moves 
in the cage.

Biochemical parameters in plasma

Glucose level was measured with an enzymatic colorimet-
ric assay (QCA, Amposta, Tarragona, Spain); total non-
esterified fatty acids (NEFA) were analyzed using FujiFilm 
commercial kit (WAKO, Neuss, Germany); total cholesterol 
(TC), high-density lipoprotein (HDL-C), low-density lipo-
protein (LDL-C), and triglycerides (TAG) were analyzed 
in an automatic analyzer Cobas Mira Plus Autoanalyzer 
(Roche Diagnostics, Spain) using commercial kits (Spinre-
act SA, Spain).

HDL-C/LDL-C ratio, TC/HDL-C ratio were calculated 
in order to assess the risk for the development of cardio-
vascular disease. To evaluate the impact of CAF diet on 
cardiovascular risk, atherogenic index (AI) was estimated 
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In addition, leptin levels in L18 were higher in male than 
in female’s rats (Fig. 2C). Male rats had higher food intake 
than female rats in both photoperiod exposure conditions 
(Fig. 2B). Food intake was lower in male and female rats 
exposed to L18 photoperiod, despite no differences could 
be observed throughout each week. In addition, a signifi-
cant interaction between sex and photoperiod was observed 
in EEC, indicating that the photoperiod’s effect on caloric 
intake influences weight gain in a sex-dependent manner.

Regarding the results of activity, males and female rats 
were more active during the L6 photoperiod as the rats’ 
active phase last longer. Also, male and female rats had 
a similar activity during the L18 photoperiod. However, 
female rats exposed to a L6 photoperiod had higher activity 
during the active phase and lower activity during the rest 
phase than male rats (Fig. 3).

Results

Photoperiods regulates fat mass, energy efficiency 
and activity in a sex-dependent manner

In both photoperiod exposure conditions, male rats had 
higher body weight gain than female rats (Fig. 2A). Also, 
male rats had higher liver and lean/fat mass ratio than 
females. However, adiposity index was higher in female 
rats in both photoperiods (Table 1). Otherwise, both males 
and female rats exposed to a L18 photoperiod had a higher 
body weight gain and EEC than their counterparts exposed 
to a L6 photoperiod. Even though, in males the increase in 
body weight gain between photoperiods (52.35%) was most 
important than in females (36.79%). Although there is not a 
photoperiod effect, female rats in L6 had increased fat mass 
and adiposity index and decreased lean mass than males. 
There was a photoperiod effect on leptin levels, which were 
higher in males and females exposed to L18 photoperiod. 

Fig. 2  Effect of photoperiod on body weight gain (A), daily food intake 
(B), leptin levels (C) and on energy efficiency coefficient (D) in males 
and females F344 rats fed with CAF diet for 11 weeks and exposed 
for the last 8 weeks to two different photoperiods: short photoperiod 
of 6/18  h light/darkness (L6) and long photoperiod of 18/6  h light/
darkness (L18). Data are expressed as mean ± SEM (n = 6–10) in AUC 
graphs, and as minimum to maximum values, median and interquar-

tile range (n = 10) in leptin and energy efficiency coefficient. S, sex 
effect; P, photoperiod effect; SxP, interaction between sex and pho-
toperiod using 2-way ANOVA and Tukey as post-hoc comparisons; 
* Indicates significant differences by groups (* p < 0,05, ** p < 0,01, 
*** p < 0,001, **** p < 0,0001); a Indicates trend (p = 0.1–0.051) using 
2-way ANOVA and Tukey as post-hoc test. AUC, area under the curve; 
M, males; F, females
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Lipid and glycemic parameters in plasma are 
modulated by sex and photoperiod

There was a strong sex-effect on lipid parameters (Fig. 4). In 
this sense, males had higher levels of NEFA and lower levels 
of HDL-C than female rats in both photoperiod conditions. 
Also in both photoperiods, the HDL-C/LDL-C index was 
lower in males, while AI was higher in females. In NEFA 
and AI there was a photoperiod effect or sex-photoperiod 
interaction, respectively. However, female rats only when 
exposed to L18 photoperiod had increased levels of TC 
and decreased levels of LDL-C than males exposed to the 
same photoperiod. On the other hand, only when exposed to 
L6 conditions, females had lower levels of TAG than male 
rats in L6. Finally, males exposed to L18 had a lower TC/
HDL-C index than when exposed to L6 and this index in 
males was higher than in females exposed to L6.

Sex and photoperiod also modulate plasma glycemic 
parameters (Fig. 5). Male rats exposed to L6 and L18 photo-
periods showed increased values of the evaluated glycemic 
parameters than females exposed to the same photoperiods, 
except for glucose in L18, with similar levels in both sexes. 
Interestingly, rats responded differently to photoperiod con-
ditions but similarly between sexes. In this regard, male and 
female rats had a different response to photoperiod condi-
tions in insulin and HOMAR-IR with increased values in 
L18. However, glucose levels were similar in males exposed 
to L6 and L18 conditions, but females had decreased levels 
in L6. In VHP, males but not females’ rats had higher levels 
in L18 photoperiod.

Hormone levels in plasma are sex-dependent 
in both photoperiods, but only photoperiod-
dependent in males

Melatonin levels were studied as the master hormone modu-
lating seasonal changes of photoperiod. Melatonin levels in 
plasma were significantly affected by sex and photoperiod. 
In this sense, in both L6 and L18 photoperiods, melatonin 
was higher in females than in males, being this difference 
steeper in short photoperiod. In addition, in males, but not 
in females, there is a photoperiod effect, with higher levels 
of melatonin during long photoperiod (Fig. 6A).

In addition, while there are any differences in T3 among 
studied groups, there was a photoperiod effect in T4 in 
males, in which T4 levels were higher in L18 than in L6, 
and a sex effect in long photoperiod, in which T4 levels in 
females were lower than males. In turn, T3/T4 ratio was sig-
nificantly higher in females when compared to males in long 
photoperiod (Fig. 6D-F).

Corticosterone was studied as a response of stress con-
ditions. Levels of corticosterone were slightly higher in 
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in a positive way. Both melatonin and corticosterone had 
inverse correlation with the glycemic parameters analyzed 
and with levels of NEFA and TAG, while a positive cor-
relation could be seen in the modulation of HDL-C. Inter-
estingly, neither of both hormones had significant effects in 
the regulation of LDL-C, which is affected by the action of 
T4, T3/T4 ratio and testosterone. Testosterone also have a 
strong positive correlation with final body weight and VHP 
index.

Discussion

Humans and other mammals such as F344 rats are seasonal 
sensitive responding to the different daylight lengths with 
variations in physiology, metabolism and behaviour. It has 
been previously reported that the effects of a CAF diet in 
F344 rats are dependent of the photoperiod [13], and that 
sex is a determinant factor influencing the physiology and 
metabolism in obesity [20]. However, to our knowledge, the 
effect of sex on the responses to different photoperiods con-
ditions has not been studied. Considering the high preva-
lence of obesity and related pathologies and the influence of 
photoperiods in physiology, metabolism and behaviour, in 
this study we aimed to evaluate the impact of sex on daily 
activity and on the physiological, metabolic and hormonal 

females than in males in both photoperiods, but only in L6 
significant differences were observed. There was not seen 
a photoperiod effect, indicating that both males and female 
rats responded in the same way to the photoperiod changes. 
In both photoperiods, corticosterone levels in females had 
more deviation (Fig. 6B).

Testosterone, as the main sexual hormone in males, also 
influences metabolism changes. Testosterone levels were 
higher in males than in females in both photoperiods and 
there was a photoperiod effect in males, where testoster-
one levels were higher in long than in short photoperiod 
(Fig. 6C).

Correlations between hormone profile, final body 
weight, body composition, and lipid and glycemic 
parameters

Final body weight, body composition, and lipid and glyce-
mic parameters were correlated with circulating hormones. 
Neither of the hormones studied correlated with the adipose 
tissues and cecum, while all of them, except T3, correlated 
with brain, liver or muscles weights (Fig. 7). Melatonin was 
the hormone with greatest correlation between the studied 
parameters, modulating them in both positive and inverse 
ways: while it had a strong inverse correlation with the final 
body weight, it also affected fat mass and adiposity index 

Fig. 3  Effect of photoperiod on 24-hours activity in males and females 
F344 rats fed with CAF diet for 11 weeks and exposed for the last 8 
weeks to two different photoperiods: short photoperiod of 6/18 h light/
darkness (L6) (A), and long photoperiod of 18/6 h light/darkness (L18) 

(B). Area under the curve (AUC) in dark (D, active phase) or light (L, 
rest phase) (C). Data are expressed as mean ± SEM (n = 6–10). * Indi-
cates significant differences by groups (* p < 0,05, **** p < 0,0001) 
using 2-way ANOVA and Tukey as post-hoc test. M, males; F, females
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minimal responses to changes in light [30]. F344 rats exhibit 
significant physiological and reproductive responses when 
exposed to different photoperiods. For instance, studies 
have demonstrated that F344 rats adjust their growth, food 
intake, and reproductive status in response to varying light 
exposures [7]. This strain has also shown to exhibit signifi-
cant alterations in glucose and lipid metabolism in response 
to different photoperiods [31]. However, one notable con-
cern is the different sensibility to photoperiods of distinct 
substrains that may involve a variability in responses influ-
encing experimental outcomes [7]. Additionally, F344 rats 
display genetic insulin resistance from an early age, while 
maintaining regular levels of glucose, requiring significant 
higher insulin levels to regulate blood glucose [32].

Different diets are widely used in animal models to 
induce obesity in rodents, such as diets high in glucose, 
in fructose, or in lipid content. In this sense, it has been 
shown that CAF diet could be a robust model to induce 
human-like MetS in rat models [18]. When feeding F344 
rats with a CAF diet, during the summer-simulated photo-
period (L18), both males and females gained more weight 

response to a long and short photoperiod conditions in diet 
induced photoperiod sensitive F334 rats. For this, rats were 
fed for 3 weeks with a CAF diet under L12 to allow animals 
to acclimate and establish weight changes before introduc-
ing the photoperiod variable [27]. After this period, male 
and female CAF fed F344 rats were exposed to a L6 and 
L18 photoperiods for 8 weeks. The 8-week experimental 
period under L6 or L18 was selected based on previous 
studies showing that this duration is sufficient to observe 
changes in metabolic parameters, body weight, and gene 
expression related to circadian rhythms and corticosterone 
levels in F344 rats [28, 29]. In addition, and as previously 
mentioned, it has been demonstrated that the response of 
rats when exposed to standard photoperiods with 12  h of 
light per day is equivalent to long photoperiod exposures, 
with more than 14 h of light per day, in terms of body weight 
gain, food intake and gene expression in hypothalamus [7]. 
F344 rats are commonly used to study photoperiod changes 
due to their sensitivity to day length variations. Studies with 
F344 rats can be effectively contrasted with non-photoperi-
odic strains like Wistar or Sprague-Dawley, which exhibit 

Fig. 4  Effect of photoperiod on lipid plasma profile. TAG (A), Non-
esterified fatty acids (NEFA) (B), TC (C), high density lipoprotein 
cholesterol (HDL-C) (D), low density lipoprotein cholesterol (LDL-
C) (E), HDL-C/LDL-C index (F), TC/HDL-C index (G), and AI (H) 
in males and females F344 rats fed with CAF diet for 11 weeks and 
exposed for the last 8 weeks to short photoperiod of 6/18 h light/dark-
ness (L6) and long photoperiod of 18/6 h light/darkness (L18). Data 

are expressed as minimum to maximum values, median and interquar-
tile range (n = 10). S, sex effect; P, photoperiod effect; SxP, interac-
tion between sex and photoperiod using 2-way ANOVA and Tukey 
as post-hoc comparisons; *Indicates significant differences by groups 
using 2-way ANOVA and Tukey as post-hoc comparisons (* p < 0,05, 
** p < 0,01, *** p < 0,001, **** p < 0,0001). M, males; F, females
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ratio was lower in CAF-fed rats. In this work, no differ-
ences in lean mass between photoperiods can be seen, as 
referred by Mariné-Casado et al. [13] after 7 week of CAF 
diet. Our study shows a metabolic adaptation to changes in 
photoperiods that involve changes in body weight gain and 
food intake patterns. The higher weight gain in L18 cor-
relates with the lower activity levels that rats presented in 
this photoperiod compared to L6. In this long photope-
riod, animals had fewer hours of darkness and, therefore, 
fewer hours of the activity phase, resulting in less energy 
expenditure and more weight gain. The impact of photope-
riod on activity is sex dependent, as seen in the differential 
distribution of activity during L6, with females being more 
active during the active phase compared to males, while the 
opposite occurred during the rest phase. This sexual dimor-
phism in activity patterns suggests that male and female rats 
have distinct mechanisms for adapting to changes in day 
length. Activity results suggest that females were not totally 
adapted to the L6 photoperiod, since their activity decreased 

than in the winter-simulated photoperiod (L6), although the 
food intake was lower in both conditions. This normally 
occurs in mammals, which body weight gain increase dur-
ing long photoperiods as an adaptative response [33]. The 
increased weight gain despite reduced food consumption 
suggests a significant metabolic adaptation to the longer day 
length possibly involving changes in energy expenditure 
and storage mechanisms, as it is observed in the increase 
of EEC in a long photoperiod, in both sexes, compared to 
L6 conditions [34]. Other study remarked that adiposity 
tend to decrease in shorter photoperiods when compared to 
long [14], as evidenced in this study although not statisti-
cally significant. In fact, in this study there were no signifi-
cant differences between photoperiods but between sexes. 
Specifically, female rats exposed to short photoperiod had 
increased fat mass and adiposity index but decreased lean 
mass than males in the same photoperiod conditions. The 
same study showed that both CAF- and standard (STD)-fed 
rats in L18 increased lean mass, while only lean/fat mass 

Fig. 5  Effect of photoperiod on glycemic 
parameters in plasma. Glucose in plasma (A), 
insulin (B), homeostasis model assessment for 
insulin resistance (HOMA-IR index) (C), and 
VHP (D) in males and females F344 rats fed 
with CAF diet for 11 weeks and exposed for 
the last 8 weeks to short photoperiod of 6/18 h 
light/darkness (L6) and long photoperiod of 
18/6 h light/darkness (L18). Data are expressed 
as minimum to maximum values, median and 
interquartile range (n = 10). S, sex effect; P, 
photoperiod effect; SxP, interaction between 
sex and photoperiod using 2-way ANOVA and 
Tukey as post-hoc comparisons; * Indicates 
significant differences by groups (* p < 0,05, 
** p < 0,01, *** p < 0,001, **** p < 0,0001); 
a Indicates trend (p = 0.1–0.051) using 2-way 
ANOVA and Tukey as post-hoc test. M, males; 
F, females
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maintaining metabolic homeostasis and protecting against 
diet-induced metabolic disturbances [41]. Same pattern is 
shown in males, with higher HOMA-IR index during L18 
photoperiod when compared to L6 conditions, although 
some studies have demonstrated that HOMA-IR index does 
not vary between photoperiods in males fed with both stan-
dard or CAF diet when exposed to L6 or L18 conditions 
for 9 weeks, highlighting the significant photoperiod-effect 
shown in this study [42].

Our results confirmed a remarkably effect of sex in 
lipid parameters. Female rats display a better health status 
than males regarding lipid parameters, a finding consistent 
with previous research on sexual dimorphism in metabolic 
regulation [43, 44]. Females in both photoperiod condi-
tions, exhibited higher levels of HDL-C and lower values 
of LDL-C than males. This sex-specific difference in lipid 
profiles aligns with studies showing that estrogens play a 
protective role in cardiovascular health by modulating lipid 
metabolism [45, 46]. In addition, compared to male rats, 
females had higher TC and lower levels of LDL-C at L18 
and lower TAG levels at L6, correlating with better lipid 
metabolism at specific photoperiods. However, there is any 

significantly after 12 h of darkness. This incomplete adap-
tation could be due to a mismatch between the imposed 
photoperiod and the females’ endogenous circadian rhythm, 
potentially leading to metabolic and behavioral disruptions 
[3, 35]. Meanwhile, males exhibited a similar activity level 
during the 18 h of this phase, suggesting a better adaptation 
to the short photoperiod.

Many studies in L12 photoperiod have confirmed that 
leptin levels in female rats are higher than in males, due to 
a greater AI, which results in a higher production rate per 
unit of mass [36, 37]. However, in the present study, females 
had lower levels of leptin but higher AI than males in both 
photoperiods. The increased leptin levels in males corre-
late with higher daily intake and body weight gain. Males 
also have a higher insulin resistance in both photoperiods, 
which results in increased compensatory insulin secretion 
and thus higher leptin production [38, 39]. Females, on the 
other hand, demonstrate better insulin sensitivity with lower 
HOMA-IR index in both photoperiods, but higher under 
L18 conditions. This may be due to the protective activity 
of some hormones such as melatonin, which is higher in 
female rats, or estrogens [40], which play a crucial role in 

Fig. 6  Effect of photoperiod on hormone plasma profile. Melatonin 
(A), corticosterone (B), testosterone (C), T3 (D), T4 (E), and T3/T4 
ratio (F) in males and females F344 rats fed with CAF diet for 11 
weeks for the last 8 weeks to short photoperiod of 6/18 h light/dark-
ness (L6) and long photoperiod of 18/6 h light/darkness (L18). Data 
are expressed as minimum to maximum values, median and interquar-

tile range (n = 10). S, sex effect; P, photoperiod effect; SxP, interac-
tion between sex and photoperiod using 2-way ANOVA and Tukey as 
post-hoc comparisons; * Indicates significant differences by groups (* 
p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001); a Indicates trend 
(p = 0.1–0.051) using 2-way ANOVA and Tukey as post-hoc test. M, 
males; F, females
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sex effect in melatonin levels, where females exposed to 
both photoperiods present higher levels than males, which, 
along with estrogen levels, may explain the improvement 
in the lipid profile and insulin resistance when compared to 
males, thus underscoring the importance of the hormonal 
profile in the health status of rats [45, 46]. This observa-
tion aligns with research on the effects of melatonin on 
lipid metabolism in rats with diet-induced obesity, which 
found that chronic continuous melatonin administration 
reduced weight gain and serum TC levels in standard pho-
toperiod [48]. Melatonin levels significantly modulate vari-
ous physiological parameters, as evidenced by the observed 
correlations. This hormone exhibits the highest correlation 
coefficient concerning its influence on HDL-C levels, while 
it inversely modulates NEFA and TAG levels, highlighting 
its protective role in the lipid profile. Additionally, melato-
nin inversely correlates with final body weight, which was 
to be expected as females presented higher levels of this 
hormone and lower body weight at the end of experiment.

difference between photoperiods between rats of the same 
sex. This lack of a photoperiod-response has been stud-
ied by our group in previous studies, where no differences 
between short, standard, and long photoperiod have been 
seen regarding lipid parameters in male CAF diet-fed rats 
[13]. This consistency across photoperiods suggests that 
lipid metabolism is robust to photoperiod-induced changes, 
at least in the context of a CAF diet.

Recent studies have shown the relationship between 
melatonin and lipid plasma profile and fat accumulation, 
highlighting the role melatonin plays in the improving obe-
sity-related lipid metabolism [47, 48]. Estrogens also have a 
protective role and are able to affect lipid metabolism both 
directly and indirectly in females [49, 50]. Directly, they 
interact with specific estrogen receptors located in various 
adipose tissues [51]. Indirectly, they modulate the levels of 
cytokines produced by adipose tissue, which play a funda-
mental role in various biological processes such as metab-
olism or inflammation [45]. In this study, there is a clear 

Fig. 7  (A) Correlation r coefficients between circulating hormones and 
final body weight, organ and tissues’ weight, and lipid and glycemic 
parameters. Only statistically significant correlations (p < 0.05) are 

shown in the table. * Indicates a significance of p < 0.001. (B) Linear 
regression analysis of the strongest observed correlation in parameters 
affected by sex and photoperiod
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This hormone inhibits the activity of the axis hypothalamic-
pituitary-gonadal (HPG), which oversees liberation of 
gonadotropin-releasing hormone (GnRH), in charge of tes-
tosterone released. It is well reported that, in short photo-
periods, as the levels of melatonin are higher, the secretion 
of testosterone is lower, as referred by Heideman et al. and 
Tavolaro et al. [7, 55]. This correlates with the results of this 
study, as the levels of testosterone in males exposed to L18 
photoperiod were higher than L6 conditions. The higher 
presence of this hormone in males under long-day exposure 
is associated with increased body weight and visceral fat 
accumulation, as can be seen in the correlation analysis. 
This is due to testosterone’s role in promoting muscle mass 
and influencing fat distribution, particularly in the visceral 
region, which correlates with higher TAG levels and VHP 
[56]. ​It is well documented that the stress response is sex-
based, being females more sensitive to it [57]. Corticoste-
rone is a glucocorticoid hormone that plays a crucial role in 
the stress response, and it is regulated by the hypothalamic-
pituitary-adrenal (HPA) axis. A hormonal imbalance also 
significantly modulates corticosterone levels, emphasizing 
the role of the hormonal profile [58]. Otsuka et al. [6] dem-
onstrated that, in normo-weight conditions, corticosterone 
levels are affected by differences in photoperiods, and the 
study by Id et al. [59], also showed that corticosterone lev-
els are disrupted by the diet in mice. Corticosterone levels 
are inversely correlated with body weight gain, and they 
also influence lipid parameters such as NEFA and TAG in 
plasma. Interestingly, corticosterone is positively correlated 
with HDL-C levels, suggesting a potential protective role of 
this hormone in lipid metabolism, particularly in females. 
Our results suggest that the sex-effect is more powerful that 
the effect of photoperiods, as no differences between L6 
and L18 have been seen. Female rats exhibit greater vari-
ability and higher levels of corticosterone in both short and 
long photoperiods compared to males. This sex difference 
is likely due to the increased sensitivity of the HPA axis in 
females, which is influenced by gonadal hormones and the 
estrous cycle [60]. In contrast, male rats show lower and 
more stable corticosterone levels across different photoperi-
ods, suggesting a less reactive HPA axis response to changes 
in day length [61]. Due to the high variability in female data, 
care should be taken when interpreting the results, as these 
fluctuations may reflect underlying complexities not fully 
accounted for in the current analysis. However, the rest of 
the data obtained in female rats did not show higher variabil-
ity than in males, indicating that female rats’ estrous cycle 
has minimal impact on the validity of the data as reported 
by Dayton et al. [62].

Overall, the hormonal profile in our study revealed dis-
tinct responses between sexes in relation to photoperiod 
variations. In males, the levels of the studied hormones 

Expected levels of melatonin, as a darkness-signaling 
hormone, in shorter photoperiods should be higher than 
in long photoperiods as there are more hours of darkness. 
In this study, there is a photoperiod-effect in males, being 
higher in L18 conditions, which contradicts the general 
knowledge. In the experimental design, the cycle of the rats 
was changed, with the light being switched off at 8:00 a.m., 
thus at the time of sacrifice, 3 h later, they were in the active 
phase (darkness). The changes in melatonin levels, and the 
fact that there is not the expected photoperiod effect, may be 
due to the timing of sampling, as the samples were not taken 
at the same time of the dark cycle: at L18 they were taken 
right in the middle of the active phase, while at L6 they 
were taken at the beginning of the active phase. This fact 
can be also related to the lack of differences in T3 hormone 
among the groups, as it is regulated by changes in melato-
nin during the dark phase. Nevertheless, changes in T4 can 
be seen in males between photoperiods, and between sexes 
in long photoperiods, an increase in males exposed to L18 
conditions was notable. In order to obtain a broad overview 
of the thyroid axis, T3 and T4 were determined as the pri-
mary thyroid hormones that directly influence metabolism, 
energy homeostasis, and reproduction and that are affected 
by changes in photoperiods [4].

L6 animals exhibited a correlation between NEFA and 
glucose levels, as both parameters are significantly higher 
in males than in females. However, L18 females had lower 
concentrations of NEFA in plasma, but the levels of glucose 
are similar to males, suggesting an imbalance in glucose 
metabolism and potentially higher hepatic production [52, 
53]. This sex-specific difference in NEFA and glucose lev-
els aligns with research indicating that sex hormones play 
a crucial role in modulating insulin sensitivity and glucose 
homeostasis [59, 60].

The association between NEFA and insulin sensitivity 
has been demonstrated in other studies, with higher NEFA 
levels often linked to decreased insulin sensitivity [54], as 
in this study in males. Gómez-Pérez et al. [62] reported 
no sex-related differences in glucose levels in L12 rats fed 
with HFD, while insulin levels were higher in males than in 
females. These results, along with those in this study, sug-
gest that glucose is a sex-dependent parameter in shorter 
photoperiods, but not in longer ones, such as L12 or L18. 
Short photoperiods have been shown to enhance glucose 
utilization in female rats, potentially due to the upregula-
tion of genes involved in insulin signalling and glucose 
transporter type 4 (GLUT4) mobilization. These molecular 
adaptations improve glucose uptake in insulin-sensitive tis-
sues like skeletal muscle [31]​. However, insulin levels are 
sex-dependent in an obesogenic context in all photoperiods.

In long photoperiods, with more hours of light per day, 
the released of melatonin is lower than in short photoperiods. 
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Conclusion

In conclusion, the present study revealed an interaction 
between photoperiod and sex, which is associated with dif-
fering susceptibilities to diet-induced obesity. This interac-
tion involves sex-dependent differences in daily activity and 
physiological, metabolic, and hormonal responses to differ-
ent photoperiod conditions. These findings are of significant 
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Further research is needed to gain a deeper understand-
ing of how changes in light exposure in obesity impact the 
molecular mechanisms that regulate circadian rhythms, 
while also exploring sex differences in these processes. In 
addition, the analysis of follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH) may lead to new data on the 
interaction between photoperiod and sex on reproductive 
function.
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